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Top quark production offers the unique opportunity to search for a charged Higgs boson (H6), as the
contribution from t→H1b→t1nb can be large in extensions of the standard model. We use results from a
search for top quark pair production by the Collider Detector at Fermilab ~CDF! in the et1E T1jets and
mt1E T1jets signatures to set an upper limit on the branching ratio of B(t→H1b) in 106 pb21 of data. The
upper limit is in the range 0.5 to 0.6 at 95% C.L. for H1 masses in the range 60 to 160 GeV, assuming the
branching ratio for H1→tn is 100%. The t lepton is detected through its 1-prong and 3-prong hadronic
decays.
PACS number~s!: 12.60.Fr, 14.80.Cp
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Many extensions of the standard model ~SM! include a
Higgs sector with two Higgs doublets, resulting in the exis-
tence of charged (H6) as well as neutral (h , H0, A) Higgs
bosons. The simplest extensions are the two-Higgs doublet
models ~2HDMs! @1#, in which the extension consists only of
the extra doublet. In a type I 2HDM only one of the Higgs
doublets couples to fermions, while in a type II model one
Higgs doublet couples to the ‘‘up’’ fermions ~e.g., u ,c ,t),
while the other couples to the ‘‘down’’ fermions ~e.g.,
d ,s ,b). The minimal supersymmetric model ~MSSM! @2# is a
further extension of the SM, and has a Higgs sector such as
that of a type II 2HDM.
If the charged Higgs boson is lighter than the top quark
@3–5#, i.e. mH6,(mtop2mb), the decay mode t→H1b will
compete with the SM decay t→W1b . The consequence is
that t t¯ production and decay will provide a source of Higgs
bosons in the channels W6H7bb¯ and H1H2bb¯ produced
with a strong interaction rather than the weak-interaction
cross section of direct H1H2 pair production. In addition,
the signature from top pair production and decay is much
cleaner than that of the direct production with respect to
QCD background.
In a 2HDM and in the MSSM the branching ratio for
t→H1b , B Hbt , depends on the charged Higgs boson mass
and tanb , the ratio of the vacuum expectation values for
the two Higgs doublets. Figure 1 shows the expected branch-
ing ratio from a leading-log QCD calculation @6# in the
MSSM for three different charged Higgs boson masses
mH6560,100, 140 GeV/c2 as a function of tanb . For
tanb&1 and tanb*70 the MSSM predicts that the decay
mode t→H1b dominates. Also shown in Fig. 1 is the pre-
dicted branching ratio in the MSSM at lowest order for the
decay of the charged Higgs boson into a charged t lepton
and a t neutrino (B tnH ), which has little dependence on
the charged Higgs boson mass. For tanb.1 the decay
H1→t1nt is predicted to dominate over the other main de-
cay mode, H1→cs¯ , and for tanb.5 the branching ratio B tnH
is expected to be nearly 100%. Thus, this model would pre-
dict an excess of top events with tau leptons over the number
expected from SM events in which t t¯→W1W2bb¯ , followed
by W→tn .
Recent calculations, however, have shown that at large
values of tanb the predicted branching ratio for t→H1b is
highly sensitive to higher-order radiative corrections, which
are model dependent @7#. Limits in the tanb2mH6 parameter
plane consequently depend critically on the parameters of the
model. However the direct search for the signature of a t
lepton in top decays allows us to set an upper limit on the
branching ratio of t→H1b , assuming the branching ratio for
H1→tn is 100%, for example.
Previous searches for the charged Higgs boson in top de-
cay have been in the t1E t channel @8,9#, ll1E T1X (l5e
or m , X5anything) channel @10#, the E T1t1jets channel
@11,12#, the l 1jets channel @13,14#, and the E T1tb1O
1jet (O5e , m , t or jet! channel @15#. Both Ref. @11# and
Ref. @15# select events with a E T trigger, while Refs. @13,14#
are indirect searches using a disappearance method. Searches
for direct production at LEP set a lower limit on the mass of
69 GeV/c2 @16#. Indirect limits have also been set from mea-
surements of the rate for the decay b→sg @17#. However
higher-order calculations have shown that in both 2HDM
models @18# and the MSSM @19# these limits are also highly
model dependent.
The Collider Detector at Fermilab ~CDF! Collaboration
has published a search for t leptons from decays of top quark
pairs in the lt1E T12jets1X (l5e ,m) channel @20#, where
events were selected by requiring the presence of a high-pT e
or m . We present here the constraints that this analysis ~the
‘‘lt’’ analysis! imposes on the branching ratio of the top
quark into a charged Higgs boson. This was suggested in
Ref. @21#, where the authors compare the CDF data with a
generator-level Monte Carlo calculation for the number of
expected events from charged Higgs decay.
In this paper we start with the number of top candidate
events found in the lt1E T12jets1X data in the analysis of
Ref. @20#. We then apply the same selection criteria to Monte
Carlo events that contain top quark pairs in which one
or both top quarks decay to the charged Higgs bosons ~i.e.
t t¯→W6H7bb¯ and t t¯→H1H2bb¯ ), for different Higgs bo-
son masses. We assume there are no top quark decays other
than t→W1b and t→H1b . We perform a full calculation of
the acceptances including detector effects, and determine the
expected number of events due to Higgs production and sub-
sequent decay. From this we can set a limit on the branching
ratio t→H1b .
The selection used in this analysis requires high-pT inclu-
sive lepton events that contain an electron with ET.20 GeV
or a muon with pT.20 GeV/c in the central region
(uhu,1.0). The other lepton must be a tau lepton, also in the
central region, with momentum pT.15 GeV/c @25#. Dilepton
events from t t¯ decays are expected to contain two jets from
b decays and large missing transverse energy from the neu-
trinos. Therefore, we select events with >2 jets ~with
ET.10 GeV and uhu,2.0), and with large E T significance
(SE T.3), as described in detail in Ref. @20#.
Two complementary techniques, one which identified the
t lepton starting with clusters in the calorimeter, and another
which started with a high pT single track, were used for
FIG. 1. Branching fraction of H→tn and t→Hb as a function
of tanb at lowest order in the MSSM. The top quark mass is as-
sumed to be 175 GeV/c2.
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identifying hadronically decaying t’s @20#. Here, we com-
bine the two tau selections by accepting events which pass
either set of criteria. Both techniques find the same four top
dilepton candidates in 106 pb21 of data. The total acceptance
of the combined selection for SM top quark pairs decays, i.e.
the events that pass the final cuts divided by the number of
generated t t¯ events, is (0.17260.014)%. We expect a total
of 3.160.5 events from background sources. The dominant
background is due to Z/g→t1t21jets events (1.860.5
events!, and to W1>3 jets events where one jet is misiden-
tified as a t lepton (1.060.1 events!. We expect 0.360.1
background events from WW and WZ production. We cal-
culate the number of expected events in the lt channel by
combining the t t¯ cross section, the luminosity and the total
acceptance. For the t t¯ cross section we use the CDF mea-
surement in the ‘‘lepton1jets’’ channel, where one W decays
leptonically and the other W decays hadronically. This yields
the most precise determination of the t t¯ cross section in a
single channel, s t t¯55.161.5 pb @27#. Using this cross sec-
tion we expect 0.960.1 events from SM t t¯ decay in the et
and mt channels.
Although the identification of b quarks was not part of the
search criteria, three of the four candidate events contain at
least one b-tagged jet @23#, while we expect 0.2 tagged
events from SM non-t t¯ background @20#. In the following we
will use the combined tau selection for our results.
If a charged Higgs boson is present all three of the final
states W1W2bb¯ , W6H7bb¯ , and H1H2bb¯ can contribute
to the lt channel. The total acceptance for top decay in the
lt channel is given by
Atot
lt 5~12B Hbt !2AWWlt 12~12B Hbt !B Hbt B tnH AWHlt
1~B Hbt !2~B tnH !2AHHlt . ~1!
Here AWW
lt is the total acceptance of the event selection
criteria for the case where the t t¯ pair decays into W1W2bb¯ .
It includes the geometric and kinematic acceptances, the ef-
ficiencies for the trigger, lepton identification, and cuts on
the event topology, and all branching ratios of both the t and
the W boson @24#. Similarly, AWH
lt and AHH
lt are the respective
total acceptances for the t t¯ pair decays into W6H7bb¯ and
H1H2bb¯ , but where the branching ratio of the top to Higgs
boson (B Hbt ) and of the Higgs boson to tau (B tnH ) have been
factored out explicitly. We assume that B tnH is 100%, as it
would be at large tanb in the MSSM, and set a limit on B Hbt .
We use a top quark mass of 175 GeV/c2. Monte Carlo
simulations of t t¯ production and decay in the three modes
W1W2bb¯ , W6H7bb¯ , and H1H2bb¯ provide estimates of
the geometric and kinematic acceptance, AgeomPT, and of
the efficiency of the cuts on the event topology for different
Higgs boson masses (mH6560,80,100,120,140,160
GeV/c2). We use the PYTHIA @22# Monte Carlo program to
generate t t¯ events, the TAUOLA package @26#, which cor-
rectly treats the t polarization, to decay the tau lepton, and a
detector simulation. The selection of events is identical to
that described in detail in Ref. @20#. The efficiencies for elec-
tron and muon identification are measured from Z°→e1e2
and Z°→m1m2 data.
Figure 2 shows AgeomPT, the efficiency e jet of the 2-jet
cut, the efficiency eHT of the cut on the total transverse en-
ergy HT @20#, and the efficiency of the cut on the E T signifi-
cance, as a function of Higgs boson mass. As mH6 increases
the tau leptons become more energetic and AgeomPT in-
FIG. 2. Contributions to the total acceptance in the lt1E
12jets1X channel versus the mass of the charged Higgs boson.
The circles are for the W6H7bb¯ decay of the t t¯ pair; the squares
for the H1H2bb¯ decay.
FIG. 3. Total acceptance in the ‘‘tau dilepton’’ channel, versus
the mass of the Higgs boson. The circles are for the W6H7bb¯
decay of the t t¯ pair; the squares for the H1H2bb¯ decay.
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creases. When mH6 approaches mtop the b jets instead be-
come less energetic and e jet drops rapidly. Figure 3 shows
the resulting values for AWH
lt and AHH
lt versus mH6; the nu-
merical values are listed in Table I. Note that relative to
AHH , AWH has a factor of 2/9 in it due to the branching ratio
for W→ln , while the factor of two due to the two possible
charge combinations W1H2 and W2H1 is explicitly in-
cluded in Eq. ~1!. Overall, the total acceptance (Atotlt ) is
rather insensitive to the value of the Higgs boson mass, rang-
ing between 0.7% and 1.3% until mH6 approaches mtop .
This is to be compared to the acceptance AWW
lt in the W1W2
final state @20# of 0.17%.
The expected number of events in the lt channel is given
by
Nexp
lt 5s t t¯LAtotlt ~B Hbt ,mH6! ~2!
and depends on B Hbt , the Higgs boson mass, and s t t¯ , the
total top pair production cross section. Rather than use the
theoretical prediction for s t t¯ , for each value of B Hbt we nor-
malize to the observed number of events in the ‘‘lepton 1
jets’’ channel with a secondary vertex tag, taking into ac-
count the contributions from the three separate decay final
states of W1W2bb¯ , W6H7bb¯ , and H1H2bb¯ , calculated
using the full Monte Carlo simulation and the updated tag-
ging efficiency @27#. We have checked that the calculation
FIG. 4. The t t¯ cross section is a function of the branching ratio
B(t→H1b).
FIG. 5. The predicted number of events for 106 pb21 of data
versus the branching ratio for top decay into H1b for mHiggs
5100 GeV/c2. The graph shows the contributions from the
W1W2bb¯ , W6H7bb¯ , and H1H2bb¯ channels separately.
FIG. 6. The region excluded at 95% C.L. for charged Higgs
production versus the branching ratio for top decay into H1b .
TABLE I. The total acceptance versus the mass of the charged
Higgs boson for the lt1E T12 jets 1X analysis. The uncertainties
are statistical only. These numbers are to be compared to the accep-
tance for SM top quark pair decays of AWW
lt 5(0.17260.014)%.
The larger acceptance with the charged Higgs is primarily due to
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gives the value of s t t¯55.1 pb in the SM case of B Hbt 50, in
agreement with the CDF standard model analysis of the top
cross section @27#, as it must be. We thus calculate s t t¯ from
the number of observed events in the lepton plus jets channel
with a secondary vertex tag, Nl1 jets529, the expected num-
ber of SM background events, Bl1 jets58.061.0, and a total
acceptance Atot
l1 jets(B Hbt ,mH6) that takes the W6H7bb¯ and
H1H2bb¯ decay modes into account. This can be written as
s t t¯5
Nl1 jets2Bl1 jets
LAtotl1 jets~B Hbt ,mH6!
~3!
where Atot
l1 jets is given analogously to Atot
lt by
Atot
l1 jets5~12B Hbt !2AWWl1 jets12~12B Hbt !B Hbt AWHl1 jets
1~B Hbt !2AHHl1 jets . ~4!
Figure 4 shows how s t t¯ increases as B Hbt becomes larger.
The contribution from H1→cs¯ decays is neglected, as we
have assumed B tnH 51. For a large branching ratio into H1b ,
the H1H2bb¯ mode becomes dominant and the leptons (e or
m), which in this case originate from tau decays, have a
softer pT spectrum than leptons produced in W decays, and
Atot
l1 jets decreases. Figure 5 shows the expected number of
events versus B Hbt from each of the W1W2bb¯ , W6H7bb¯ ,
and H1H2bb¯ decay modes for mH65100 GeV/c2.
Based on the observation of 4 events and the predicted
background of 3.160.5 events, we calculate a 95% C.L. up-
per limit on Higgs production of 8.1 events. When calculat-
ing the limit, we include the systematic uncertainties, which
are dominated by uncertainties on Nl1 jets ~26%!, tau identi-
fication ~11%!, b tagging efficiency ~10%! and Monte Carlo
statistics ~8%!. Then, to determine a limit on the branching
ratio B Hbt , we calculate the number of events expected ver-
sus B Hbt for different Higgs boson masses in steps of 20
GeV/c2. Figure 6 shows the region excluded at 95% C.L. as
a function of the branching ratio of t→H1b . The upper limit
is in the range 0.5 to 0.6 at 95% C.L. for H1 masses in the
range 60 to 160 GeV.
For the special case of the MSSM, although the branching
ratios have been shown to be strongly model dependent, for
the Higgs boson mass parameter m,0 the SUSY QCD and
QCD corrections come close to cancelling, and the next-to-
leading order prediction is almost unchanged from the tree-
level result @7#. Figure 7 shows the expected number of lt
events versus tanb from each of the W1W2bb¯ , W6H7bb¯ ,
and H1H2bb¯ decay modes for mH65100 GeV/c2, at low-
est order in the MSSM. The shapes of the curves are mainly
due to the variation of the branching ratio B Hbt as a function
of tanb . Figure 8 shows the excluded region in the plane of
mH6 and tanb , again at lowest order in the MSSM. In the
region at large values of tanb the tbH1 Yukawa coupling
may become non-perturbative ~see Ref. @7#!. In this case the
limit is not valid.
We compare our results to those of Ref. @21#. We find that
the acceptance is smaller by about a factor of two. The limits
presented in this paper use the correct W1W2bb¯ ,
W6H7bb¯ , and H1H2bb¯ acceptances, including the corre-
lations among the different objects (e ,m ,t ,b-quark! in the
events. The insight of Ref. @21# that this will be a channel of
much interest in Fermilab run II remains intact, however.
In conclusion, we have used the data from the CDF search
@20# for top quark decays into final states containing a light
FIG. 7. The predicted number of events at lowest order in the
MSSM for 106 pb21 of data versus tanb , for mHiggs5100 GeV/c2.
The graph shows the different contributions from the H1H2bb¯ and
W6H7bb¯ channels separately. FIG. 8. Excluded regions ~95% C.L.! at different values of tanbfor charged Higgs production, at lowest order in the MSSM. The
coupling tbH1 may become non-perturbative in the region at large
values of tanb , and the limit does not apply.
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lepton (e or m) and a t lepton, detected through its 1-prong
and 3-prong hadronic decays, to set a limit on the branching
ratio of the top quark into the charged Higgs boson plus a b
quark, B Hbt . The limit ranges from 0.5 to 0.6 at 95% C.L. for
H1 masses in the range 60 to 160 GeV, assuming the
branching ratio for H1→tn is 100%.
We thank D. P. Roy for stimulating our interest in
this analysis and for discussions, and G. Farrar for suggest-
ing that we use the B Hbt 2mH6 plane rather than the
tanb2mH6 plane for presenting limits. We thank the Fermi-
lab staff and the technical staffs of the participating institu-
tions for their vital contributions. This work was supported
by the U.S. Department of Energy and National Science
Foundation; the Italian Istituto Nazionale di Fisica Nucleare;
the Ministry of Education, Science, Sports and Culture of
Japan; the Natural Sciences and Engineering Research Coun-
cil of Canada; the National Science Council of the Republic
of China; the Swiss National Science Foundation; the A. P.
Sloan Foundation; the Bundesministerium fuer Bildung
und Forschung, Germany; and the Korea Science and
Engineering Foundation.
@1# For an introduction, see J. Gunion, H. Haber, G. Kane, and S.
Dawson, The Higgs Hunter’s Guide, Frontiers in Physics
~Addison-Wesley, Redwood City, CA, 1990!. See also Ref.
@7#.
@2# For an introduction, see S. P. Martin, in Perspectives on Su-
persymmetry, edited by G. Kane ~World Scientific, Singapore,
1998.!
@3# The CDF Collaboration, F. Abe et al., Phys. Rev. D 50, 2966
~1994!.
@4# The CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 74,
2626 ~1995!.
@5# The D0 Collaboration, S. Abachi et al., Phys. Rev. Lett. 74,
2632 ~1995!.
@6# M. Drees and D. P. Roy, Phys. Lett. B 269, 155 ~1991!; D. P.
Roy, ibid. 283, 403 ~1992!.
@7# J. A. Coarasa, J. Guasch, and J. Sola, Report No. UAB-FT-
451, 1999, hep-ph/9903212.
@8# In the CDF coordinate system, u and f are the polar and
azimuthal angles, respectively, with respect to the proton beam
direction. The pseudorapidity h is defined as 2ln tan(u/2).
The transverse momentum of a particle is PT5Psinu. The
analogous quantity using energies, defined as ET5Esinu, is
called transverse energy. The missing transverse energy E T is
defined as 2(ET
i rˆ i , where rˆ i are the unit vectors in the trans-
verse plane pointing to the energy depositions in the calorim-
eter.
@9# The UA1 Collaboration, C. Albajar et al., Phys. Lett. B 257,
459 ~1991!; The UA2 Collaboration, J. Alitti et al., ibid. 280,
137 ~1992!.
@10# The CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 73,
2667 ~1994!.
@11# The CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 72,
1977 ~1994!.
@12# The CDF Collaboration, F. Abe et al., Phys. Rev. D 54, 735
~1996!.
@13# The D0 Collaboration, B. Abbott et al., Phys. Rev. Lett. 82,
4975 ~1999!.
@14# B. Bevensee ~for the CDF Collaboration!, Proceedings of the
33rd Rencontres de Moriond, QCD and High Energy Hadronic
Interactions, 1998, Les Arcs, France, FERMILAB-CONF-98/
155-E.
@15# The CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 79, 357
~1997!.
@16# By the ALEPH Collaboration, DELPHI Collaboration, L3 Col-
laboration, and OPAL Collaboration ~The LEP working group
for Higgs boson searches!, 1999, CERN-EP/99-060.
@17# The CLEO Collaboration, M. Alam et al., Phys. Rev. Lett. 74,
2885 ~1995!.
@18# F. Borzumati and C. Greub, Phys. Rev. D 58, 074004 ~1998!;
59, 057501 ~1999!.
@19# J. Coarasa, J. Guasch, W. Hollik, and J. Sola, Phys. Lett. B
442, 326 ~1998!.
@20# The CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 79,
3585 ~1997!; M. Gallinaro, Ph.D. thesis, University of Rome,
1996; M. Hohlmann, Ph.D. thesis, University of Chicago,
1997.
@21# M. Guchait and D. P. Roy, Phys. Rev. D 55, 7263 ~1997!.
@22# T. Sjo¨strand, Comput. Phys. Commun. 82, 74 ~1994!.
@23# We employed the same SVX 1 SLT b-tagging algorithms
used in Ref. @3#. We emphasize again that in Ref. @20# ~and
consequently in this paper! we did not use b-tagging in the
event selection, because of the small number of events ex-
pected from top decays.
@24# The reason the acceptance is quoted as containing the branch-
ing ratios is that t t¯ events are complex, and can satisfy the
event selection criteria via a number of different paths, such as
the e or m coming from the W and the t from the H in the
WHbb¯ intermediate state, or, the t coming from the W decay
and the e or m coming from the decay of a t from the H, for
example. We consequently perform the Monte Carlo calcula-
tions and include all decay modes except those involving the
Higgs, for which the branching ratios are varied explicitly to
find the acceptance for each value. The acceptance is then
defined as the number of accepted events over the number of
t t¯ events generated.
@25# The selection criteria are that either a track exists with pT
.15 GeV/c or the sum of the transverse momenta of the tracks
and the transverse energies of p0’s be greater than 15 GeV/c.
See Ref. @20# for details.
@26# S. Jadach et al., TAUOLA 2.5, CERN Report No. CERN-TH-
6793 ~1992!.
@27# M. Gallinaro ~for the CDF Collaboration!, Proceedings of the
‘‘XIV International Workshop on High-Energy Physics and
Quantum Field Theory’’ ~QFTHEP ’99!, Russia, 1999,
FERMILAB-CONF-99/345-E ~hep-ex/9912011!.
SEARCH FOR THE CHARGED HIGGS BOSON IN THE . . . PHYSICAL REVIEW D 62 012004
012004-7
